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Abstract

Hydraulic functions of soils may differ depending on the different measuring methods used. The
performance of three different methods for measuring soil-hydraulic properties of a heterogeneous
field were evaluated. The experiments were conducted using three different sizes of undisturbed soil
cores collected systematically along a 31 m long transect of a well drained sandy loam soil having
three soil horizons (Ap, 0-0.25 m; C1, 0.25-0.55 m; C2, 0.55-1.00 m). The laboratory studies
involved: (1) detailed unsteady drainage—flux experiments performed on fifteen columns of 1 m
length and 0.3 m diameter; (2) combined crust test and hot-air methods applied to thirty columns of
0.2 m length and 0.2 m diameter and to a subset of sixty cylinders of 0.1 m length and 0.045 m
diameter, respectively, taken from the Ap horizon; and (3) desorption experiments carried out on a
total of one hundred eighty cores of 0.051 m length and 0.05 m diameter collected evenly from the
three horizons. Mean soil hydraulic properties were inferred from experimental data characterizing
either selected depths or the soil profile as a whole. The results revealed considerable differences
among estimated mean soil properties as obtained with different measuring techniques. Although the
application of scaling theory substantially reduced variation in the measured pressure heads (k) and
conductivities (K), the results revealed that scaling parameters determined from soil pressure head
were not identical to scaling factors determined from hydraulic conductivity. The results also show
that K scaling factors in general were much more variable than h scaling factors, and that the

observed variability in scaling factors also depend upon the measurement technique used. © 1997
Elsevier Science B.V.
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1. Introduction

Soil variability is a major factor impeding the accuracy of measured soil hydraulic
properties, i.e. the soil water retention characteristic, 8(k), and the unsaturated hydraulic
conductivity curve, K(8) or K(h), where @ is the volume fraction of water and 4 is the
pressure head of the soil. The effects of spatial variability in hydraulic properties on
subsurface water flow (including infiltration and drainage), and the transport of surface-
applied chemicals, have been widely studied (Warrick et al., 1977, Hopmans, 1992;
Mallants et al., 1996c). A major problem related to field-scale water flow and solute
transport modeling is how to deal with variability in the soil hydraulic properties.

One popular way for estimating the hydraulic properties of unsaturated soils has been to
statistically relate 6(h) and K(8) or K(h) to soil texture, bulk density, organic matter
content, clay mineralogy, and soil structure (for an overview see van Genuchten et al.
(1992)). Although attractive from a practical and economical point of view, the accuracy
of such methods is often incommensurate with the type of problem being investigated
(Among many others, Wosten and Bouma, 1992; Espino et al., 1995). Another approach is
to predict the hydraulic conductivity from more easily measured soil water retention data
using closed-form analytical expressions (van Genuchten, 1980; Mualem, 1992). Predic-
tive models of this type tend to work reasonably well for coarse- and medium-textured
soils, but often fail to represent the unsaturated hydraulic conductivity of structured soils,
as was demonstrated in a recent study by Mallants et al. (1996a).

The use of direct measurements, whether in-situ or ex-situ, generally remains the only
viable means to characterize 8(h) and K(6) or K(h), and to fully explore the reliability of
indirect methods such as those described above. In situ measurement procedures often
used are the steady flux method (Hillel and Gardner, 1970) and the unsteady drainage
method (Green et al., 1986). A typical example of the former is the introduction of a low
permeability crust to achieve a steady water flux. The unsteady drainage flux method, on
the other hand, comprises the simultaneous monitoring of soil water content and pressure
head following the commencement of water redistribution from an initially saturated soil
profile. Although the drainage method has been mainly used for field conditions (Fliihler
et al.,, 1976a; Rose et al., 1965; Sisson and van Genuchten, 1991), this method can be
applied equally well to laboratory soil columns (Richards and Weeks, 1953; Mallants et al.,
1996a). Ex-situ determination of the hydraulic properties using undisturbed soil columns
has progressed through a variety of methods, including the crust test (Bouma et al., 1983),
the sorptivity method (Dirksen, 1979), the hot-air method (Arya et al., 1975), the evapora-
tion method (Boels et al., 1978), and desorption tables (Hillel, 1980). Comparison of
hydraulic properties determined by means of in-situ field and ex-situ laboratory techniques
has revealed significant differences for fine-textured soils (Fliihler et al., 1976b), although
better agreement often has been noted for relatively coarse-textured media (Roulier et al.,
1972). Because the unsaturated soil hydraulic functions are necessary inputs to numerical
simulation models evaluating alternative soil and water management practices, there is a
need to continuously assess the accuracies and limitations of in-situ and ex-situ methods.

A potentially attractive method to describe variability of laboratory or field-measured
hydraulic properties involves the use of scaling (Miller and Miller, 1955a, b; Warrick et al.,
1977; Sharma and Luxmoore, 1979; Ahuja et al., 1984; Hopmans, 1987). Because
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frequency distributions of scaling factors can be conveniently incorporated into numerical
field-scale or even watershed-scale flow and transport models, their application has
received considerable attention in the literature (Warrick and Amoozegar-Fard, 1979;
van Ommen et al., 1989; Hopmans, 1992). Still, the appropriateness of doing so has not
been fully investigated.

The purpose of this study is to compare the performance of three measurement tech-
niques for quantifying the soil-hydraulic properties of a heterogeneous soil profile. Data of
0(h) and K(h) obtained from a detailed unsteady drainage experiment on large undisturbed
soil columns will be analyzed and compared with those obtained from two other laboratory
methods, i.e. desorption of 100 cm? soil cores to determine 8(k), and the crust test/hot-air
method to measure K(h). Scaling is subsequently used to simplify the description of spatial
variability in the measured soil hydraulic properties and to obtain average functions of
conductivity, K, and pressure head, A, in terms of soil water content, 8. The suitability of
applying scaling to characterize spatial variability of soils is examined and discussed. The
set of scaling factors obtained here together with the average hydraulic functions will be
used in a future study to predict field-scale water flow processes.

2. Materials and methods

2.1. Transect lay-out

The experimental field site was located in Bekkevoort, near Leuven (Belgium). The site
involves a well-drained, macroporous sandy loam (Mallants et al., 1996b). Soil cores of
different dimensions were collected along a 31 m long transect. A total of 30 columns of
1 m length and 0.3 m diameter, 30 columns of 0.2 m length and 0.2 m diameter, and 180
soil cores of 0.051 m length and 0.05 m diameter were used for the laboratory experiments.
Three soil horizons (Ap, 0-0.25 m; C1, 0.25-0.55 m; C2, 0.55-1.0 m) were contained in
the columns of 1 m length, whereas the columns of 0.2 m length were collected only in the
Ap horizon. Sixty cores of 0.051 m length were collected in each soil horizon, giving a
total of 180 samples. The sampling interval between columns of the same size was
generally 1 m, with sampling locations of the two smaller columns located in between
those of the columns of 1 m length. Details of the sampling scheme are given in Mallants
et al. (1996a).

2.2. Method 1: unsteady drainage flux method

The soil water retention curve, 6(h), and the hydraulic conductivity curve, K(6) or K(h),
were characterized using the unsteady drainage-flux method (Green et al., 1986) as applied
to a subset of 15 columns of 1 m length. Saturated soil columns were allowed to drain for a
period of 30 days while the outflow was recorded continuously. Soil water contents and
pressure heads during redistribution were measured simultaneously using an automated
90-channel time-domain reflectometry (TDR) system and tensiometers, respectively,
located at depths of 0.05, 0.15, 0.30, 0.45, 0.60, and 0.80 m (Mallants et al., 1996a).
Observations of 6 and h were taken at 0.5 h intervals for the first seven hours of drainage,
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and at 1, 8, and 12 h intervals as the experiments progressed. When measurements of 6 and
h are made at different depths and times during the drainage experiment, K() at various
depths in the soil profile may be found by time integration of the Richards’ equation
(Green et al., 1986) with a zero flux condition assumed at the soil surface (z = 0), i.e.

3 9
a_tjo odz=K(0)a—z[h(z, n-2z ) M

where z, is an arbitrary depth in the soil, z is vertical coordinate (positive downward), and ¢
is time.

2.3. Method 2: combined crust test and hot-air method

A second method used to obtain the unsaturated hydraulic conductivity was by com-
bining the suction crust test (Bouma et al., 1983) and the hot-air method (Arya et al.,
1975). The crust test was performed on thirty soil columns of 0.2 m length and 0.2 m
diameter collected from the Ap horizon located in between the large columns of 1 m
length. We first measured the saturated hydraulic conductivity, K, by putting the saturated
soil cylinder on a perforated disk to which a filter cloth was attached to prevent soil from
falling out. One tensiometer was installed at 0.1 m below the soil surface and was con-
nected to a pressure transducer. Water was ponded on the soil surface to a depth of 0.01 m.
Values of K were obtained by measuring outflow with time when pressure was zero. The
unsaturated hydraulic conductivity was subsequently measured on the same cores after a
crust was constructed (Mallants et al., 1996a). Unlike the classical crust test, crusts were
not removed but instalied on top of an old crust. In this way, the initial contact between
crust and soil was not disturbed.

From each column of 0.2 m length, two cylinders of 0.1 m length and 0.045 m diameter
were taken to perform the hot-air method. In total 60 cores were exposed to a hot-air
blower for 11 min. The soil was then sliced into 0.001-0.002 m increments near the
exposed end and 0.007-0.01 m increments at the non-exposed end. Weighing of all
sections was done before and after oven drying. Volumetric water content of each section
was determined assuming a uniform bulk density along the core. Soil water diffusivity,
D(8), was computed for each core using the water content distribution following enhanced
evaporation (Arya et al., 1975; Anderson and Cassel, 1986). From the soil-water diffu-
sivity, D(8), we calculated the unsaturated hydraulic conductivity, K(6), by multiplying
D(6) by the soil-water capacity, C(8) = d8/dy, in the pressure range of # = 0 to h =
-~30000 cm (pF = 4.5).

2.4. Method 3: desorption on core samples

As described by Mallants et al. (1996¢), #(h) curves were obtained by desorption of soil
cores of 0.051 m length and 0.05 m diameter from saturation to 4 = —16 000 cm, using
standard techniques (Klute, 1986). Three groups of 60 retention curves (180 in total)
representing three horizons were analyzed. The pooled data of the sixty locations were
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analyzed in terms of the empirical retention model of van Genuchten (1980), i.e.

8,6,

0=0+ s Yr
bt ey @
where the subscripts r and s refer to residual and saturated water contents, respectively,
and & (L™), n, and m are curve-shape parameters. Assuming m = 1 — 1/n, the hydraulic

conductivity function, X(h) can be described by combining Mualem’s pore-size distribu-
tion model with Eq. (2): '

A -lahl™ (1 +|ahl®]™™)?

=K
K=K, [1+lahl* 1™ @
or in terms of the effective saturation, S, = (0 — 8,)/(0;—8,), 0 = §, = 1):
K(S)=K,Se[1-(1 -5,/ “

where 7 is a pore-interaction parameter often considered to be 0.5 (Mualem, 1976).
2.5. Scaling of soil hydraulic properties

The description of spatially variable soil hydraulic functions can be simplified by
invoking scaling. In this approach, spatial variability is described by a set of scale factors,
a,, which relate the soil hydraulic functions at each spatial location r to a single curve or
some representative mean (Warrick et al., 1977). Scaling theory is based on the similar
media concept which assumes that porous media differ only in the scale of their internal
microscopic geometries, while their porosities are assumed identical (Miller and Miller,
1955a, b).

By means of scaling, the soil pressure head, 4, at any spatial location r can be related to
some mean pressure head, h,, as

h,=hy/a, &)

where r=1,...,R is spatial location. In a similar way, the hydraulic conductivity, K, can be
related to a mean K,;:

K,=Kno? (6)

In the case of similar media, Egs. (5) and (6) hold for the complete range of water contents
at which A, and K, have been measured. Since field soils generally have spatially variable
porosities, h, and K, are not expressed here in terms of the volumetric water content, 6, but
in terms of the effective saturation, S., assuming that 8, = 0, such that S, = 6/6,.

The method used here for scaling soil water retention data is the same as initially
introduced by Warrick et al. (1977), but with some minor modifications. The scaling
factors, a,, were obtained by minimizing the sum of squares:

$S= Z[hn(Se) — k(5,0 ™

where h,,,(S.,) is the mean pressure head at a given degree of saturation, and i = 1,..., I(r)
are pressure head steps at location r. Differentiation of Eq. (7) with respect to «, and
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setting each of the equations equal to zero, lead to a linear system of equations which is
solved subject to the constraint

(ay+0p+...+ag)/R=1 ®

Estimates of k, as a function of S, were obtained by employmg a third degree polynomial
similar to that used by Hopmans (1987), i.e.

In(hy,)=ap+a,; S, +a2Sc +a3Sc )]

where ay,..., a3 are constants. Eq. (9) will be applied to all h(S.) data of all R locations.

An iterative procedure was developed to minimize Eq. (7) subject to Eq. (8). An
estimate of h, was first made by applying Eq. (9) to the unscaled data. Next, best-fit
values of «, were obtained using the procedures described above to scale the h(S.) data.
Eq. (9) was subsequently applied to the scaled data and the procedure repeated until SS§
reached its minimum.

The method used for scaling hydraulic conductivity is identical to the procedures
developed by Warrick et al. (1977) whereby the mean K ; was calculated at all R locations
according to the regression equation

In(Kn)=bo+b, S, +b,S2 +b3S> (10)

where bg, by,...,b; are constants. Estimates of In(X,,) were used to obtain approximate
values of o, according to:

a"=exp[21( oy 2 (In(Ky,) - In(X,, ,))] (11)

which were normalized to give the «, values:
a,=Ra,’/ Y a,' (12)
r
Egs. (11) and (12) were solved iteratively to obtain optimal values for the constants of Eq.

(10). This procedure resulted in a minimum sum of squares between K, and X ;. The sum
of squares is now defined as:

SS= ¥ [In(Ky, ;) +2In(e,) - In(K, )I* (13)
ni
In the following discussion we compare results in terms of the mean squared error, MSE =

SS/df, with df being the degrees of freedom, rather than SS, since the number of pressure
steps is not identical for different depths to which the method is applied.

3. Results and discussion
3.1. Unsteady drainage flux method
Data of 6 and A at five selected depths and ten observation times (¢ = 0.5, 1, 2, 4, 16, 32,

64, 128, 256, and 512 h) were analyzed to evaluate their probability density functions
(PDF). The results revealed that a normal PDF better described the data than a log—normal
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Table 1

Statistics of observed soil water content as a function of elapsed time at five soil depths along a 31 m long transect
during a drainage experiment.

Time Soil depth Mean Standard Ccv Maximum Minimum
t) (m) (cm® em™) deviation (%) em’ecm™® = (emiPcm™)
(cm’ cm™)
1 0.05 0379 0.035 9.3 0.424 0.302
0.15 0.334 0.027 8.2 0.388 0.279
0.30 0.336 0.017 5.1 0.370 0.300
0.45 0.350 0.018 5.1 0.393 0314
0.60 0.361 0.016 45 0.387 0.334
4 0.05 0.354 0.025 6.9 0.393 0.298
0.15 0.319 0.023 7.1 0.376 0.279
0.30 0.325 0.012 3.7 0.345 0.300
045 0.339 0.016 438 0.363 0.299
0.60 0.353 0.016 4.6 0378 0.316
32 0.05 0.321 0.021 6.6 0.365 0.292
0.15 0.306 0.015 5.1 0.331 0.276
0.30 0.313 0.009 3.1 0.328 0.297
045 0.325 0.014 43 0.337 0.290
0.60 0.342 0.015 45 0.366 0.307
128 0.05 0314 0.021 6.6 0.359 0.279
0.15 0.302 0.016 52 0.326 0.268
0.30 0.306 0.009 29 0.320 0.292
0.45 0317 0.012 38 0.331 0.288
0.60 0.335 0.015 45 0.361 0.307
512 0.05 0.310 0.022 7.0 0.354 0.268
0.15 0.299 0.017 5.7 0.323 0.262
0.30 0.300 0.008 29 0313 0.284
0.45 0.308 0.011 36 0.327 0.287
0.60 0.329 0.015 45 0.355 0.301

PDF. Statistics of the soil water content at five selected depths and observation times are
listed in Table 1. The coefficient of variation (CV) was generally the highest at the
shallowest observation depth, and lowest at 0.3 m depth, thus suggesting a more homo-
geneous structure of the C1 horizon. The CV generally decreased slightly when the soil
dried, a result of the decrease, though small, of the standard deviation with time.

Table 2 gives the statistics of the pressure head at the same selected depths and times as
in Table 1. The surface horizon (0.05 m and 0.15 m deep) shows the most variation in the
pressure head, whereas the second horizon (0.30 m and 0.45 m deep) generally shows the
least. All CVs decrease considerably with time.

Soil water retention curves were obtained from simultaneous measurements of 8 and h
at the five soil depths. The van Genuchten soil water retention model (Eq. (2)) was used to
analyze the unscaled data for each depth. Estimated model parameters were obtained by
using the non-linear parameter optimization program RETC (van Genuchten et al., 1991).
The retention parameters thus obtained will be compared with retention parameters
obtained with scaled data (to be discussed later). Preliminary estimates with Eq. (2)
indicated that values of 8, were generally zero, and very close to zero, probably because
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Table 2

Statistics of the soil water pressure head, h, as a function of elapsed time measured at five soil depths alonga 3l m
long transect during a drainage experiment

Time Soil depth Mean Standard Ccv Maximum Minimum
h) (m) (cm) deviation (%) (cm) (cm)
(cm)
1 0.05 144 10.2 709 31.0 1.0
0.15 146 9.2 62.8 31.0 0.0
0.30 153 8.8 57.4 33.0 20
045 16.3 5.1 314 27.0 11.0
0.60 134 6.5 48.5 24.0 3.0
4 0.05 29.7 16.2 54.4 52.0 1.0
0.15 284 10.5 37.0 440 70
0.30 263 717 29.1 440 16.0
045 232 8.1 35.1 38.0 70
0.60 23.8 6.2 26.2 33.0 8.0
32 0.05 60.2 15.2 253 79.0 14.0
0.15 51.7 13.7 26.5 69.0 100
0.30 43.8 6.7 15.2 58.0 35.0
045 354 6.8 193 430 19.0
0.60 27.6 73 26.5 340 15.0
128 0.05 744 16.1 21.6 94.0 23.0
0.15 63.9 149 234 85.0 18.0
0.30 58.4 9.2 15.7 76.0 45.0
045 453 6.7 14.7 56.0 320
0.60 334 N 229 430 18.0
512 0.05 88.9 15.5 17.4 103.0 420
0.15 78.5 18.0 229 95.0 270
0.30 702 8.7 124 85.0 54.0
045 559 9.8 17.7 71.0 36.0
0.60 440 83 18.8 60.0 27.0

of the relatively narrow pressure head range used in our experiments. A fixed value of
0, =0 was therefore assumed for cases similar to those used by Greminger et al. (1985) and
Woésten and van Genuchten (1988), unless stated otherwise. Two cases were considered:
(i) the relationship m = 1 — 1/n was assumed, leading to the parameter vector {#,,ct, n}; and
(ii) the parameters n and m were both assumed to be variable, giving the parameter vector
{0, &, n, m}. Keeping m and n independent adds additional flexibility to the parameter
optimization process, but its use is recommended only for data showing little scatter and
covering a wide range of pressure head data (van Genuchten et al., 1991). In our study,
both cases described the data equally well. Fig. 1(a) shows the soil water retention curve
Eq. (2) fitted to all data points for the 0.3 m depth with parameter values for the condition
where m = 1 — 1/n. Measured values of @ exhibited a range of approximately +0.02 cm®
cm™ about the fitted curve. We note the minor differences between the two fitted curves
representing the cases where m and n were both variable and m = 1 — 1/n. For the case
where no restrictions were put on m and n we found correlations between the estimated
values of m and r parameters to be between —0.98 and —~1.00. This strong correlation
justifies the restriction m = 1 — 1/n. Table 3 gives the estimated parameters of Eq. (2) for
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Fig. 1. (a) Observed (method 1) and fitted soil water retention characteristics at 0.3 m depth. (b) Observed

(method 1) and fitted relative hydraulic conductivity.

303

five soil depths. The parameter », which reflects the steepness of the water retention curve
near S, = 0.5, is almost identical for all depths. The parameter « on the other hand is
several times larger for the two shallower depths (the Ap horizon) in comparison with
the other depths. Larger clay contents at greater depths (16.6 and 21.8% for C1 and
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Table 3

Estimated parameters of Eq. (2) obtained from the pooled (6,h) data (m = 1 ~ 1/n).

Method Depth (m) Model parameter

6, (cm’ cm™) a(cm™) n r

1 0.05 0.396 0.103 1.100 0.357
0.15 0.344 0.147 1.050 0.199
0.30 0.338 0.021 1.132 0.357
045 0.367 0.031 1.140 0.579
0.60 0.355 0.017 1.099 0.047

3 0.10 0.413 0.008 1.412 0.941
0.50 0.365 0.013 1.311. 0.954
0.90 0.433 0.004 1.535 0.945

C2, respectively, versus 12.7% in Ap) may be the reason for this behaviour of the para-
meter o.

Application of Eq. (1) to the simultaneously measured 6 and h data sets resulted in
relative hydraulic conductivity values in the A range of 0 to —100 cm. Fig. 1(b) shows
corresponding relative hydraulic conductivity values for the 0.3 m soil depth together with
the fitted conductivity function (Eq. (3)), expressed in terms of K, = K(h)/K. The pore-
connectivity parameter 7 was assumed to be 0.5 (Mualem, 1976), which resulted in a
parameter vector of two unknowns, {e,n}. The case where m and n are assumed indepen-
dent was also considered, resulting in a parameter set of {a, n, m}. As illustrated in
Fig. 1(b), almost no difference exists between these two cases. Hence, there are no sig-
nificant advantages for keeping both n and m variable, and in the remainder of this paper
we shall only consider the case where m = 1 — 1/n, unless stated otherwise. Table 4
summarizes the results of fitting Eq. (3) to measured hydraulic conductivity data. The
estimated values of « for the two shallower depths (Ap horizon) based on the conductivity
data were approximately three times smaller than when fitted to the retention data
(Table 3). Differences between the estimated o values for the two methods were reversed
for the other soil depths (C1 and C2 horizon), being two to three times larger when
conductivity data was used. The value of n in Table 4 was more than doubled of those

Table 4

Estimated parameters of Mualem’s conductivity model obtained from the pooled K (h) data (method 1) and the
combined crust/hot-air data (method 2) in =1 - 1/n)

Method Depth (m) Model parameter
a(em™) n r?
1 0.05 0.0379 2.790 0.704
0.15 0.0430 2.628 0.616
0.30 0.0453 2.767 0.729
045 0.0523 2.851 0.727
0.60 0.0654 2.666 0.506

2 0-0.20 0.0259 1.432 0.747
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obtained from the retention data, irrespective of the depth. A simultaneous fit of both Eqgs.
(2) and (3) to the observed (6,h) and (K,h) data, with weighting coefficient W1 in the
objective function (van Genuchten et al., 1991) set to unity, resulted in estimated K(h)
curves which deviated considerably from those obtained with separate fits, and gave
visibly poor descriptions of the data. Using values between 1-and 0.1 for W1 did improve
the fitting of the retention data somewhat, but not for the conductivity data. For these
reasons, parameter values for the simultaneous fit were not given in the corresponding
tables. Including the connectivity parameter 7 in the parameter optimization process did
also not improve the results in any of the above cases, presumably due to the scatter in the
data and the limited range of conductivities.

3.2. Combined crust test and hot-air method
Fig. 2 shows a combination of all data points obtained from the crust test and hot-air
method. At saturation, the range in K, values was more than two orders of magnitude.

Between saturation and A = — 32 cm, the range of variation in crust-based K values
decreased from almost three orders of magnitude to one order of magnitude. However,

1E+2

1EH m=1-i/n

crust-test
1E+0

hot-air method
1E-1
1E-2
1€-3

1E4

1E-8
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1E-8

1E-7

1410 DATA POINTS , X °
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1 ! | ! 1 v { ! | LI
[} 1 2 3 4 5
Pressure head, log(-h)
Fig. 2. Observed (method 2) and fitted hydraulic conductivity..

1E-8




306 D. Mallants et al./]Journal of Hydrology 199 (1997) 295-318

K values obtained from the hot-air method showed a much larger variation than X values
from the crust method. This is likely due in part to the fact that the hot-air method is a
diffusivity-based approach which requires retention (soil-water capacity) data to convert
diffusivities to conductivities. The retention parameters used for this purpose were
obtained independently from the soil cores discussed above, thereby possibly introducing
additional spatial variability (Mallants et al., 1996c). Note that Mallants et al. (1996c)
illustrated that a different functional form for C(6), e.g. by considering a multimodal
retention function, may lead to different conductivities, especially in the dry range. The
solid line in Fig. 2 represents the best fit of Mualem’s conductivity model with estimated
values for the parameter vector {c, n} given in Table 4. In the estimation process the value
of the weighting coefficient for the data from the crust test, excluding K, was increased
from 1 to 4, thus accounting for the fact that the crust test is generally judged to be more
reliable than the hot-air method. Using different weightings for the crust-based K values
also accounts for the smaller number of observations compared to the hot-air data.
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Fig. 3. Comparison between different methods to derive the unsaturated hydraulic conductivity: (i) gravity-
drainage experiment (method 1), (ii) combined crust test/hot-air method (method 2), and (iii) indirectly estimated
from retention parameters determined on small soil cores (method 3).
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- Fig. 3 presents the conductivities for all three methods. The K values obtained with
method 2 (crust/hot-air data) compared favorably with those based on (analytic prediction)
method 1 in the pressure range of 0 to —50 cm, but were higher in the range of ~50 to
-100 cm (Fig. 3, upper left panel). The maximum difference in conductivity between
methods 1 and 2 in the pressure range considered here was about 1.5 orders of magnitude.

Possible errors introduced in the hot-air measurements are related to violations of its
assumptions. These assumptions include a homogeneous soil sample and representative
retention curves obtained from independent measurements. Furthermore, water redistribu-
tion after the heating is stopped and before the sample is sliced into pieces is assumed to be
negligible. van Grinsven et al. (1985) analysed the effect of the temperature gradient on
thermal vapor and liquid flow as well as on the viscosity of water. Their results indicated
that the errors may be large but seem to compensate each other. An evaluation of the

temperature effects on the calculated conductivities for the hot-air method is beyond the
scope of this paper.

3.3. Desorption on core samples

For each horizon, Eq. (2) was fitted to the pooled data of sixty locations. Estimated soil
water retention parameters are summarized in Table 3. In only one instance was the
estimated parameter 6; different from zero, i.e. 6, = 0.021 for 0.90 m depth. The estimated
curves, together with their 90% confidence intervals, were given in Fig. 4 and compared
with the estimated retention curves obtained with the drainage method. The 90% con-
fidence intervals for the fitted curves correspond to *1.65 times the standard deviations of
the differences between fitted and measured values of 8 at nine values of h. Retention
curves obtained from the drainage method (fitted to the retention data separately) at the
0.3 m and 0.45 m soil depths fell entirely in the 90% confidence interval of the predicted
curve derived from the desorption method. Such an agreement between methods 1 and 3
did not hold for the Ap and C2 horizons, for which the drainage method gave consistently
lower water contents than method 3 for the entire range of measured h. We believe that the
observed disparities between the retention curves of methods 1 and 3 may have been
caused by air entrapment during initial saturation of the large columns.

Predicted unsaturated conductivity curves (Eq. (3)) using method 3 considerably over-
predicted the conductivities obtained with the drainage method (Fig. 3). Fig. 3 further
reveals that measured conductivity curves (method 1) pertaining to the same horizon, i.e.
0.05 m and 0.15 m for Ap and 0.3 m and 0.45 m for C1, agreed fairly well. Moreover, a
comparison of conductivities for the first horizon indicates that K values obtained with the
combined crust test and hot-air method (method 2) were always lower than those obtained
with method 3. Indirect estimates of K (method 3) are influenced by inaccuracies con-
nected with the determination of the retention curve and assume the adequacy of the
capillary model theory (Mualem, 1976). The latter assumption, which gives a very sim-
plified picture of actual soils, generally does not work well when water flow through
macropores and interaggregate regions occurs, as was most likely the case in our soil. It
is clear from these comparisons that different measurement methods yield different
conductivities. Stolte et al. (1994) found that diffusivity based methods, e.g. the hot-air
method, do not compare well with methods that directly yield a conductivity curve,
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Fig. 4. Comparison between different methods to estimate the van Genuchten retention model using retention data
from drainage experiment. Estimation based on retention data measured on small soil cores is also shown,
together with the 90% confidence interval (shaded area).

especially in coarse-textured materials. Furthermore, the large variability in K values
obtained from hot-air measurements (Fig. 2) may indicate its inappropriateness for spatial
variability studies. Introducing several improvements to the hot-air method such as those
discussed by van Grinsven et al. (1985) may reduce some of the scatter in the data.

Note that methods 2 and 3 have a much wider application range than method 1. Also, the
sample volume and experimental efforts for methods 2 and 3 are much smaller than that of
method 1. Therefore, from a practical point of view, methods 2 and 3 might be preferred
over method 1 for routine investigations.

3.4. Scaling retention and conductivity data

All three measurement methods discussed above show a considerable variability in the
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retention and/or conductivity data. To reduce this variability, in an attempt to obtain an
average curve characteristic for the entire dataset, scaling was applied to the water
retention and hydraulic conductivity data obtained with the three measuring methods.
Fig. 5 gives the unscaled and scaled retention data from the drainage experiments when
all five soil depths are combined (i.e. pooled data). The solid line in Fig. 5(a) is the bést fit
of Eq. (9) for the unscaled data. At A = —50 cm, the width of the scattering range in S, is
about 0.33. After scaling, the data are confined to a fairly narrow band around the mean
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Fig. 5. Unscaled (a) and scaled (b) soil water retention data for all five soil depths.
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Table 5
Efficiency of scaling
Method Depth (m) Scaled h(S.) Scaled X(S.)
Reduction in MSE r Reduction in MSE r
(%) (%)
1 0.05 50 0.722 66 0.807
0.15 49 0.765 70 0.859
0.30 60 0.793 82 0918
045 44 0.665 81 0919
0.60 49 0.587 86 0.917
pooled 48 0.642 76 0.863
2 0-0.2 - - . 77 0.885
3 pooled * 7 0.899 ~ -

* Data for three depths (0.10, 0.50, 0.90 m) was combined.

hn(S.) curve, although a considerable amount of the original variability is still present (e.g.
a band width of 0.22 in S, remains at & = —50 cm). For this case, the MSE reduced from
0.481 for the unscaled data to 0.252 after scaling.

The pooled unscaled K values for all five depths together with the best-fitted third-
degree polynomial are given in Fig. 6(a). Scaling was again very effective in reducing the
variability (Fig. 6(b)) and now narrowly confined the scaled K values around the mean
curve K (S.). A reduction of the MSE of 76% was obtained. The reduction in variability
was somewhat less significant at saturation, presumably due to the large variability in K of
our macroporous soils (Mallants et al., 1997).

Table 5 summarizes the efficiency of scaling in terms of the percent reduction in the
mean sum of squared error of the retention and hydraulic conductivity data for all three
measuring methods. Notice the consistently higher reduction in MSE values for scaling the
conductivity data in comparison with the scaled retention data. This somewhat artificial
behaviour is partly due to the use of logarithmic transformed conductivity data in the
calculation of the SS. Therefore, a comparison of scaling of retention and conductivity data
on the basis of the MSE values can only be of limited use.

Differences in scaling efficiency between different depths are fairly small for both the
retention and conductivity data (Table 5). Notice, however, that reduction in MSE for
K{(S,) increases with depth indicating that the conductivity data are better scaled at greater
depths, presumably because of reduced spatial variability and less macropores (Mallants et
al., 1996¢). Table 5 also shows the r? values obtained from a regression analysis between
unscaled and estimated values of A, or X, using the optimized mean curve A, or K, (Egs.
(9) and (10)). Higher r? values were obtained for scaling the conductivity data as compared
to the retention data. Hence our scaling procedure was more effective in reducing the
variability in hydraulic conductivity data than in retention data.

Probability plots or fractile diagrams of the scaling factors «, and their logarithmic
transformed values, Ina,, calculated from water retention data and conductivity data
revealed a better description with a log—normal distribution than with a normal distribu-
tion (Mallants, 1996). These results are consistent with earlier findings of Warrick et al.
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Fig. 6. Unscaled (a) and scaled (b) hydraulic conductivity data for all five soil depths.

(1977) and Hopmans (1987). Statistics of the log—normal distributed scale factors
obtained from the retention and conductivity data for the three measuring methods are
listed in Table 6, with x and o? referring to the mean and variance of Ina,. When estimated
from the retention data (method 1), the highest variability in scaling factors was found at
the 0.15 m depth (variance of a, = 1.02) and the lowest variability at 0.45 m (variance
of a, = 0.18). The skewness was also found to be the highest and lowest at these two
depths. Scaling the retention data from all five soil depths together resulted in a coefficient
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Table 6

Statistics of scale factors «, estimated from retention and conductivity data

Method Depth (m)  Scaled A(S.) Scaled K(S,)

Mean* Var.® CV®  Skew.! Mean* Var.® CV®  Skew.’

1 0.05 0.99 035 59 197 1.30 227 365 59.6
0.15 1.03 1.02 98 3.89 2.84 478 1510 3488
0.30 1.04 0.36 57 1.89 1.79 419 360 575
045 1.00 0.18 42 1.33 1.12 2.4 134 6.43
0.60 0.99 0.21 46 1.48 1.00 0.64 80 0.605
pooled ¢ 1.01 0.31 55 1.82 1.43 242 340 49.5

2 0-0.2 - - - - 0.99 2.08 145 7.38

3 pooled T 098 0.16 41 1.29 - - - -

* Mean = exp(u + 0°/2).

® Variance = exp(2p + 0%){exp(o?) — 1].

°CV = 100{exp(o?) ~ 1]'2.

4 Skewness coefficient = 3 CV + (CV)’.

¢ Data for five depths was combined.

f Data for three depths (0.10, 0.50, 0.90 m) was combined.

of variation of 55%. Scale factors calculated from conductivity data for method 1 exhibited a
much larger variability in comparison with the «, values estimated from retention data
(Table 6). The extremely large variation may be due to the small number of observations
from which we estimated the statistics. Scaling of hydraulic conductivity data for all five
depths combined resulted in a CV of 340% for a,. This value is considerably larger than
the values previously found by Warrick et al. (1977) and Hopmans (1987). Although k(S.)
and K(S.) were both obtained from simultaneous measured (6, ) data during the drainage
experiment, the estimated conductivity showed a much higher variability in scale factors.
This may be due in part to errors introduced in the calculation of the conductivities based
on a too coarse grid of vertically spaced (6, h) data. Also, K values are more sensitive to
changes in S, than h values. In a previous study by Ahuja et al. (1984), scale factors were
also found to be more variable for saturated hydraulic conductivity than for water
retention.

Table 6 shows that scale factors calculated from A(S.) and K(S.) may not be identical. If
soils behaved as Miller-Miller type similar media, scale factors obtained from retention
and conductivity data (Egs. (5) and (6)) should follow closely the 1:1 line (Luxmoore and
Sharma, 1980; Hopmans, 1987). This was not the case for our soil (Mallants, 1996). As a
result, two different sets of scale factors must be estimated.

Unsaturated hydraulic conductivity data determined by means of the combined crust/
hot-air technique (method 2) for the Ap horizon were also scaled using the techniques
described above. Scaling was again found to be very effective in reducing spatial varia-
bility, with the mean sum of squares reduced from 7.84 to 1.77 (Table 5). Values of the
mean, variance, CV, and skewness based on the log—normal distribution for «, are given
in Table 6. The variance of 2.08 was considerably smaller than the variance obtained with
method 1 for the same observation depth (0.05 and 0.15 m). The larger variability of
scaling factors for method 1 may be the result of the experimental methodology and/or the
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computational procedure used in the calculation of the hydraulic conductivity. Especially
the limited vertical resolution of the measured (6,k) data may have been insufficient to
accurately evaluate Eq. (1) in the calculation of K.

Scaling of the retention data obtained from desorption on small soil cores was pre-
viously performed by Jacques et al. (1996). Table 6 shows a reduced variability in the A
scaling factor for method 3 in comparison with method 1. The larger variability of scaling
factors for method 1 in comparison with those for methods 2 and 3 may be the result of the
larger experimental errors associated with the drainage data.

Scaled retention and conductivity data obtained from method 1 were subsequently used
to estimate parameters {«, n} in the van Genuchten retention model (Eq. (2)) and para-
meters {n, m, K;} for the Mualem conductivity model with r = 0.5. Two cases were
considered: the first data set contained the data scaled separately by depth whereas the
second set was obtained after splitting the scaled pooled data into five groups according to
their measurement depth.

Another choice to obtain the mean van Genuchten curve together with a set of scaling
parameters would have been to fit the van Genuchten model directly to the unscaled data.
This method was presented by Hopmans (1987) (his Method IIT) and compared to three
other methods. However, Hopmans found that use of the method of Warrick et al. (1977)
(Hopmans’ Method I and IV) was superior to Hopmans’ Method III, because the poly-
nomials better described the scatter in the data. This is not surprising, as the polynomial,
generally of the third or fourth degree, has a higher flexibility in fitting highly variable
data.

Results for the estimated soil water retention parameters {o, n} are summarized in
Table 7. As could be expected, the retention data scaled by depth could be better described
than the pooled data. The estimated retention curves shown in Fig. 7(a) for the 0.05 and
0.15 m depth are based on the parameter values from Table 7 (scaling by depth) and
estimated values for 6, taken from Table 3. We assumed @, = 0 at all depths. Differences
between the fitted water retention curves for the unscaled (Table 3) and scaled retention
data appear mainly as a result of having a steeper slope (higher n values), especially for the
0.05 m and 0.60 m depth.

Similar results were obtained for the scaled conductivity data (Table 8), aithough the
differences in performance and estimated parameter values between the two data sets were
smaller in comparison with the retention data. The results given here are for the case where
n and m are treated as independent variables. Parameter estimations with the constraint m =

Table 7
Estimated parameters of Eq. (2) using scaled retention data (m = 1 — 1/n)
Depth (m) Scaling by depth Scaling pooled data

a(em™) n r a(em™) n r
0.0 0.019 1.433 0.736 0.019 1.471 0.686
0.15. 0.044 1.113 0.836 0.027 1.038 0.825
0.30 0.037 1.115 0.891 0.032 1.153 0.869
0.45 0.027 1.183 0.888 0.018 1.246 0.848

0.60 0.026 1.198 0.846 0.014 1.325 0.779
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Fig. 7. (a) Estimated retention functions based on unscaled and scaled drainage data. (b) Estimated conductivity
functions based on unscaled and scaled drainage data.

1 — 1/n were also carried out but the goodness of fit in terms of r? was reduced somewhat as
compared to the variable case (results not further shown here). Differences in estimated
hydraulic conductivity between the unscaled and scaled data (scaling by depth) are con-
siderable as exemplified for the 0.05 and 0.15 m depths (Fig. 7(b)). In all cases, using the
scaled K(S.) data resulted into much lower conductivities in comparison with the unscaled
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Table 8
Estimated parameters of Mualem’s conductivity model using scaled conductivity data
Depth (m) Scaling by depth Scaling pooled data

n m* K r n m* K, r?

(cmh™) cmh™

0.05 8.09 0.010 0.75 0.746 7.08 0.011 0.27 0.714
0.15 1.26 0.030 107.5 0.846 1.23 0.034 528 0.828
0.30 734 0.004 8.92 0916 7.57 0.004 104 0.910
0.45 6.69 0.005 2.69 0.883 7.02 0.005 446 0.874
0.60 334 0.009 234 0.899 248 0.014 9.14 0.892

* Variable m case.

data. This is because the estimated n parameter generally was much larger for the scaled
data than for the unscaled data (Table 8).

4. Conclusions

Both water retention and hydraulic conductivity functions are influenced by the
measurement method. Comparison of soil water retention functions calculated from a
gravity-drainage experiment involving 15 undisturbed soil cores of 1 m length taken
from a layered sandy loam with those obtained from desorption on small soil cores showed
that the former gave consistently lower water contents in the Ap and C2 horizon. These
disparities could be the result of air entrapment during initial saturation of the large
columns. The agreement between retention functions was relatively good for the C1
horizon. ,

Predicted unsaturated conductivities using estimated van Genuchten parameters from
small soil cores were higher than conductivities calculated from the gravity-drainage
experiment. This is partly due to the above-mentioned difference between the retention
curves for both methods, i.e. for given pressure head values, lower water contents for
method 1 will result in lower unsaturated conductivities compared to method 3. Another
reason may be the inadequacy of the capillary model theory to describe the hydraulic
conductivity of our structured soil. A good agreement in the pressure head range of 0 to
—50 cm was found when the unsaturated hydraulic conductivity relationship computed
from the drainage data, was compared with K values obtained from combined crust/hot-air
data. However, the combined crust/hot-air method gave higher values in the range of —50
to —100 cm. These disparities together with the high variability in conductivities derived
from hot-air measurements may be attributed to the fact that diffusivities had to be
translated to conductivities. There also is a difference in application range: (i) a rather
narrow range for the gravity-drainage method; (ii) 2 wide range for the crust/hot-air
method and the desorption method. Finally, experimental efforts for (i) are much larger
than for (ii), especially in view of spatial variability studies.

Scaling soil water retention and hydraulic conductivities was found to be very effective
in coalescing large data sets, irrespective of the measuring technique. Variability of
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scaling factors was much higher for scaled X than for scaled & data. No relationship was
found between k and X scaling factors obtained from the drainage experiment, indicating
that for our soil different sets of scaling parameters have to be determined for hydraulic
conductivity and pressure head. K scaling factors obtained from the combined crust/hot-air
data were less variable in comparison with those obtained from the scaled drainage data.
We also found that & scaling factors determined from retention data measured on small soil
cores showed less variability than those obtained from the drainage data. These results
indicate that statistics of scaling factors are also influenced by the measurement method
used.

For the shallower two depths, fitting of the van Genuchten function to scaled retention
data obtained from the drainage experiment resulted in « values that were considerably
different from those estimated from unscaled retention data. For the remaining depths,
differences between the estimated van Genuchten parameters were smaller when using
either scaled or unscaled retention data. A comparison between estimated conductivity
functions using either unscaled or scaled K data (from drainage experiment) revealed large
differences for all depths considered. Mean retention and conductivity functions obtained
by direct fitting of unscaled data or alternatively by fitting scaled data will be used for
solutions of water flow problems in heterogeneous soils. An evaluation of the effect of
using different sets of hydraulic functions in calculations of water flow problems is the
subject of a future study.
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